BULK PHOTOREFRACTIVE SEMICONDUCTORS
Ph. Delaye (1) , H.J. Von Bardeleben (2) , G. Roosen (1) III-V materials offer the great advantage of being available as bulk semiinsulating materials of high crystalline perfection and homogeneity as regards to their electrical properties due to their importance as substrate materials in micro and optoelectronic technology. However these materials were not optimized for PRE applications and thus quantitative analyses of PRE experiments 5 related to the specific material defect properties are necessary for further developments. It has equally been shown, that the PRE can be used as an efficient tool for the material characterization 6, 7 .
THE PHOTOREFRACTIVE EFFECT IN BULK SEMICONDUCTORS
The PRE in a particular material depends on both its extrinsic, defect related and intrinsic properties : photoconductivity and carrier diffusion properties on one side and the electro-optic coefficients, dielectric constants and refractive index on the other. Photoconductivity is responsible for the creation of a space-charge field by a spatial redistribution of the trapped charges in the deep level due to a non uniform illumination by photons of below band gap energy. The free carriers, created by photoionization of deep levels in the bright region of the illumination pattern, take part in the redistribution of the charges through diffusion (no external applied field) or drift (under external applied field) towards dark region where they recombine. The electrooptic effect transforms the space-charge field in a spatially modulated index variation.
These basic mechanisms give hints of the key properties of the PRE :
1-The strength of the space-charge field depends on the quantity of charges redistributed and then is linked to the concentration of the deep level and to the defect occupancy.
2-The number of redistributed charges directly depends on the number of photons absorbed in the material, making the PRE strength governed by the optical beam energy (note that its speed is beam power dependent). Thus noticeable refractive index modulations are obtained with low power CW lasers.
3-The strength of the space-charge field can also be increased by applying an electric field leading to a charge redistribution effect controlled by the drift of free carriers, that is more efficient than their diffusion.
The expression of the photoinduced space-charge field is derived following the band transport model 8, 9 with a single defect in a concentration N T which ionized part is in concentration N 0 and neutral part in concentration N T -N 0 (Fig.1) . We consider both thermal (ß) and optical (S) emission of electrons and holes from the defect. The illumination is given by a spatially modulated interference pattern along coordinate axis z,
grating spacing with θ the half-angle between the two interfering beams inside the crystal, n 0 is the linear refractive index of the material, and λ the wavelength), a modulation m and a total incident illumination I 0 . In first approximation the space-charge field is spatially modulated with the same grating spacing than the illumination pattern and, when the stationary regime is reached, its amplitude is (for grating spacing smaller than the diffusion length of the carriers and no applied electric field) :
is the electron-hole competition coefficient, E 1 is purely imaginary , which means that the space-charge field grating is π/2-shifted from the illumination grating.
Through the linear electrooptic effect (Pockels effect), the spacecharge field grating gives rise to an index grating of amplitude 10 :
r eff is the effective electrooptic coefficient which depends on the orientation of the sample and on polarization of beams 11 The diffraction of the two beams on the index grating they create, gives an energy transfer from one beam to the other one 8 . This two wave mixing (TWM) process is characterized by a photorefractive gain Γ :
Experimentally the energy transfer is measured as the ratio γ 0 of the intensity of a probe beam with and without the presence of a coherent pump beam ( Fig.2 ). In the condition of high pump-to-probe beam ratio (i.e. small modulation of the fringes), γ 0 is written :
TWO BEAM COUPLING IN SEMIINSULATING GaAs : A QUANTITATIVE EXAMPLE
We now present, as an illustration, photorefractive experiments performed on a well characterized semiconductor : semiinsulating undoped
GaAs. The PRE is analyzed through a TWM experiment in which we measure the energy transfer from a pump beam to a probe beam as a function of the grating wavenumber k. This is achieved at the two wavelengths 1.06µm and 1.32µm given by CW diode-pumped Nd-YAG lasers. From the measurement of the effective gain γ 0 (Fig.2) , we deduce photorefractive gain Γ (Fig.3 ) according to expression (4) . The results are analyzed using equation (3) whereas the quality of an absorption measurement depends strongly on the absence of other deep levels. The EPR spectrum (Fig.4) of the EL2 + defect is described by the Spin Hamiltonian : H = gßBS + AIS (5) with the Landé factor g=2.04 and the central hyperfine interaction constant A= 890x10 -4 cm -1 , both isotropic (with ß the Bohr magneton and B the magnetic field, S=1/2 is the electronic spin and I=3/2 is the nuclear spin) . Thus the sign reversal for ! 0 follows the variation of the S n /S p ratio with wavelength (S n /S p >1 for λ=1.06µm ; S n /S p > for λ=1.32µm 16 ).
The importance of the electron-hole competition in PRE experiments is well illustrated by these results : in particular at the wavelength of 1.32µm the electron-hole competition is very sensitive to the compensation ratio due to the increasing importance of S p over S n . 21, 22 .
A COMPARISON OF INFRARED ACTIVE MATERIALS
The evaluation of photorefractive performances of a material can be assessed through different criteria, such as the required irradiance, the electron-hole competition rate, the effective trap density or the refractive index change. We will now precise all these points.
In insulating materials, we usually consider that the steady-state value of the PRE does not depend on the incident illumination, which only affects the time constant at which the steady-state is reached. In semiconductors, this is a little more complex due to the semiinsulating nature of the material.
Carriers can be excited from the deep level either optically or thermally.
The thermal emission is not spatially modulated and its effect will be an isotropic redistribution of charges that will decrease the strength of the space charge field. This influence is expressed by the terms A n and A p in the ξ 0 expression (1). In a one carrier model (for example electrons), the photorefractive gain can be rewritten :
Γ ∞ is the photorefractive gain obtained at an irradiance giving a number of photoexcited carriers larger than the thermally excited one : S n I 0 >> ß n , i.e.
A n =1. At low irradiance the gain is reduced due to the influence of ß n . We define the equivalent dark irradiance I d as the irradiance for which the gain is reduced by a factor 2. It corresponds, in a one defect model, to : S n I d = ß n .
In semiconductors with a monopolar conduction, the conductivity is defined as :
where µ n (µ p ) is the electron (hole) mobility, and γ n (γ p ) the recombination coefficient of electrons (holes). This means that I d can be defined as the irradiance for which photoconductivity σ ph equals dark conductivity σ d . In a bipolar model, I d can always be defined but its relation to conductivity is not as simple. Nevertheless, the comparison of photoconductivity and dark conductivity gives a good clue to the illumination dependence of photorefractive gain. We thus have a first criteria for the performance of a photorefractive crystal : the photoconductivity must overpass the dark conductivity. This condition gives the minimal irradiance at which a crystal can be effectively used (i.e. A n = A p =1).
The second important point is the electron-hole competition factor :
This coefficient varies between -1 and 1, the optimum condition being The third criteria deals with the effective trap density N eff . This quantity gives the maximum number of charges that can be redistributed and then the maximum space-charge field that can be induced. For a defect under two states of charge, N eff is given by the minority species, which means that even if a high defect concentration is obtainable, care as to be taken in the control of the compensation ratio of the material. Note that an increase of the concentration of the defect (by higher doping for example) also increases α the absorption of the crystal.
The last point to fully characterize the induced index change is given by the parameter n 0 3 r 4 1 . The higher n 0 3 r 4 1 , the higher the photorefractive gain. This gives for example an argument in favor of II-VI semiconductors for which n 0 3 r 4 1 is twice higher than for III-V materials.
Three materials are widely used for PRE in the infrared : undoped These problems may impede the use of GaAs in applications requiring external applied fields.
According to the values in Table 1 , CdTe seems to be the most promising crystal for use in the 1.3-1.5µm spectral range with low power laser diodes. However the defect properties of CdTe:V are much less known than those of III-V semiconductors and more studies are required and are currently under way in various laboratories in order to optimize CdTe:V for PRE applications.
CONCLUSION
The main particularity of the photorefractive effect, that makes it attractive for beam processing, is an optical nonlinearity leading to efficient energy transfer and phase conjugation with low power lasers. The materials that are sensitive in the near infrared are the semiinsulating semiconductors.
Good correlation is obtained between the theoretical model describing the PRE and experimental results in that kind of crystals. This points out a possible use of the PRE as a characterization technique of deep levels in these materials which are of importance as substrates for microelectronics.
For optical processing applications in the near infrared, optimization has still to be continued in order to obtain an optimum effect for specified wavelengths. Nevertheless the magnitude of the effects already obtained has lead to the beginning of device realizations in different research groups.
An example of such a device is the Double Phase Conjugate Mirror (DPCM) 40 . The DPCM allows to couple two mutually incoherent beams 
